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ABSTRACT

Knies, Grant M. M.S.A.B.E., Purdue University, May, 2015. High Pressure LifeSense
Hydraulic Hose. Major Professor: Dr. Gary W. Krutz

The purpose of this research was to aid in the development of Eaton
Corporation’s LifeSense program by developing a hydraulic hose rated for high pressure
use but also utilizing the LifeSense technology. Eaton supplied samples of current and
newly mixed rubber compounds, which were used in various lab bench testing to
determine usable compounds for the hose prototypes. The lab bench tests were completed
using an Agilent LCR meter and Dielectric Test Fixture. New capacitance bridge hose
construction designs were developed at Purdue, and the materials for the prototype were
selected from the list of supplied materials. Selections of materials were made based on
prior work done by researchers at Purdue, including Michael McCoy and Timu Gallien.
Hose construction was done by Eaton and sample hoses were tested in the lab
using an impulse testing chamber. The resistance data was collected in an Excel file and
presented to Purdue in graphical form. Only five samples out of two different series of
tests did not fail as a result of fittings blown off of the end of the hose. Furthermore, only
one of the five samples produced results as expected, but there was considerable noise
present in the data. Ultimately, there was not enough testing to draw conclusive results.
The resistance monitoring methods used by Eaton were insufficient to predict failure

xi
because the designs are based on a capacitance bridge. It is recommended that, for the
advancement of the research, Eaton monitor both capacitance and resistance on future
testing. It was also advised that when a sample shows fluctuation in data at mid-life, as
seen in some of the results, hoses be removed from test and dissected to determine if the
actual cause of fluctuations is a result of the failures trying to be detected.
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CHAPTER 1.

1.1

INTRODUCTION

Objectives

The overall purpose of this project with Eaton Corporation was to develop a
prototype design of a LifeSense hose to be used in a full spiral construction layout of a
hose. This design will be utilized in higher pressure applications because the current
LifeSense hose design is not capable of reaching the desired pressure levels.
1.2

Purpose of LifeSense Hydraulic Hose

The ability to construct a hydraulic hose with Eaton’s LifeSense technology
serves many purposes. The LifeSense technology was developed to detect failure in
hydraulic hoses far enough in advance that the equipment may be shut down prior to any
type of machinery breakdown. Detecting these hydraulic system breakdowns in advance
allows for enough time to have a mechanic and replacement parts available to change the
defective product for a new product. This drastically reduces equipment down time,
repair costs, and the economic loss of profit and efficiencies that comes from extended
periods of downtime and maintenance.
It is also important to detect failures prior to occurrence for matters of safety.
When hydraulic systems failures occur, they can potentially cause harm to the machinery
and its systems, to the environment, and most importantly, personal harm, or even
fatalities, to operators or anyone near the equipment. Issues that can cause harm to
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equipment during failure include low pressure supply to system components, which cause
increased heat within the system, and improper functioning of components. With a major
leak, the reservoir can be emptied, causing the system to run dry, which locks up pumps,
motors, and other moving components. Environmental damage can also be prevented by
eliminating a massive leak of oil caused by a broken hose. This would be especially
useful in situations like offshore drilling and fluid transfer in marine applications. It also
reduces the amount of clean up materials needed after a repair is made and the waste that
must be disposed. Finally, and most importantly, being able to detect failure before it
occurs decreases the risk of harm to those who work on or around machinery with
hydraulic systems. When a hose fails components do not work properly creating a risk to
personnel. Personnel are also at risk when they work near exposed hoses that burst. Early
detection can prevent all of these failures from happening.
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CHAPTER 2.

LITERATURE REVIEW

This chapter will outline the important information used in deciding a design for
the prototype High Pressure LifeSense hose. There are reviews for materials and
conductivity; current technology, which includes Gates Sentry Service, GoodYear belt
life monitoring, LifeSense hydraulic hoses, and O-ring leakage sensor using capacitance;
and a description of a capacitance to voltage circuit.
2.1
2.1.1

Current Technology

GoodYear’s Sensor Guard Rip Detection and Cord Guard

GoodYear currently has two different systems for monitoring the integrity of their
conveyor belts. These two systems are the Sensor Guard and Cord Guard. Both Sensor
Guard and Cord Guard utilize a magnetic field to send and monitor magnetic waves
across a monitoring loop. Any broken loops or irregularities in the electromagnetic
waveform depict a failure on the belt.
Sensor Guard was created to detect failures within short sections of conveyor
belts. This system requires a closed-circuit loop to be placed on a section of belt.
Electromagnetic sensors are then placed strategically along the path of the conveyor,
where damage and ripping are most likely to occur. The sensors generate output pulses
which travel across the monitoring loop. Any damage to the belt will break the circuit,
and the output pulses will not be detected by the receiving sensor. The individual closed-
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loop circuits are tracked via RFID tagging system. Therefore, when the loop is broken,
the RFID tag will pinpoint the exact location of the failure.

Figure 2-1: GoodYear Sensor Guard

Cord Guard and Cord Guard XD also utilize sensor arrays that detect anomalies in
a magnetized section of the belt. Cord Guard is set up with a fixed permanent magnet to
magnetize the cords of the belt on the top of the return side of the belt. As the belt is
magnetized, it passes through GoodYear’s sensor array which, shows any rip as a failure
in the belt. A failure will automatically shut the conveyor down to prevent any further
damage, so maintenance can be preformed. The exact location of the failure is record
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with RFID tags just as it was in the Sensor Guard system. This information is then
mapped and displayed on software to show the location of failure. Cord Guard XD
incorporates a new Rip Insertion strip that provides increased detection ability to the
original Cord Guard System. This strip is composed of a magnetic material that is also
damaged when the belt endures cuts or yield stresses. The rip insertion strip can show
longitudinal failure as well as horizontal failure due to its composition.

Figure 2-2: GoodYear Cord Guard System

Figure 2-3: GoodYear Rip Insert
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2.1.2

Gates Sentry Service

Gates has developed set of software and algorithms, Gates Sentry services, to
keep track of the life of a hydraulic hose. Gates’ Sentry ID utilizes a software program
and support package that runs 24/7. This program keeps track of vital information to the
life of the hose, which includes the date the hoses were installed, the test certifications of
the hoses, the location and type of hose, and the preventative maintenance schedule.
Along with the Gates Sentry ID is the Gates Sentry IQ. Gates Sentry IQ is a more
comprehensive system for maintaining records on hydraulic hoses. It tracks even more
specific information like the operating temperatures, the operating pressures, and the
impulses the hose undergoes. It then uses a series of algorithms within its Sentry Service
Software to determine the remaining life of each individual hose. The individual hoses
are singled out using RFID tagging technology.
The Gates Sentry Services are an effective way to maintain information on a
hydraulic hose assembly. However, Sentry Services is a very conservative method of
preventative maintenance. It allows the opportunity for loss in profits by replacing hoses
before their end of life has been reached. A technology that detects a true failure for each
separate hose would be more effective and efficient in industry.
2.1.3

Life Sensing Hydraulic Hose

A joint research project between Purdue University’s Aaron Deckard and Eaton
Corporation led to the patenting of a hose design capable of detecting failure within the
walls of a hydraulic hose (Patent US 7752904). The conclusion of Deckard’s research
was the implementation of a capacitance shell design. Eaton currently uses the same
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concept in their LifeSense program in conjunction with a specialized fitting to monitor
the signal.
There are two current hose constructions that are effective for Eaton in detecting
the failure of a hydraulic hose through LifeSense. The designs include the fully braided
LifeSense and the hybrid construction LifeSense. The fully braided construction consists
of an inner tube, and then two layers of braided wire separated by a layer of insulating
rubber. A cross-sectional view of the braided construction can be seen in Figure 2-4
below. The Hybrid construction replaces the outer most braided layer with a layer of
spiral reinforcement, increasing the maximum pressure capacity of the hose.

Figure 2-4: Braided LifeSense

The hose fitting is a crucial component for the success of the LifeSense
constructions. The construction of the fitting incorporates five components for the system
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to work properly and isolate the layers correctly. Those parts include the hex nut, socket,
nipple, cutting clip, and the collar. The collar maintains isolation between the socket and
the nipple and is constructed of nylon. The socket has serrations which penetrate the
outer covering from making contact with the outer layer of wire reinforcement. The
nipple is outfitted with the cutting clip to slice through the inner tube and make a
connection with the inner wire reinforcement layer. The fitting then has magnets attached
to the separate portions of the fitting to monitor a signal of resistance between the two
wire layers.

Socket

Cutting Clip
Nipple
Insulation Ring

Figure 2-5: LifeSense Fitting Cross Section
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Figure 2-6: LifeSense Fitting Crimped on Braided Hose

Failures in both hose constructions are detected by the same process. The inner
braided reinforcement layer breaks, and the wire fragments puncture through to the outer
reinforcement layer to create a short. These designs are also capable of detecting external
failures by signaling a short when the outer covering is removed and when the outer most
wire reinforcement is grounded to the machine. This works because the inner signal loop
is already connected via the nipple of the fitting to the machine.
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Figure 2-7: Current Braided Hose Failures

2.1.4

O-Ring Leakage Sensor Using Capacitance Technology

Work submitted by Michael McCoy has also proven the viability of capacitance
testing for detection of failure. The purpose of McCoy’s work “was to develop an
electronic sensor to detect leakage at the o-ring in a hydraulic system.” (McCoy 2011)
McCoy did some preliminary research to determine dielectric constants of oils and
rubbers and how changes in temperature and volume affected those values.
With an understanding of how parameter changes should affect the dielectric
constants of the materials used and previous work done by on similar technology
including Aaron Deckard’s work with LifeSense technology, McCoy narrowed his
testing down to two sensor designs. A flat design and an L-shaped design. These two
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designs can be seen in Figure 2-8 and 2-9. Of the two designs, preliminary testing
showed the L-shaped design to be the most viable solution.

Figure 2-8: Flat Sensor with Copper Wires and Conductive Seal (McCoy 2011)

Figure 2-9: L-shape Design with Copper Wires (McCoy 2011)

12
McCoy’s research resulted in a senor capable of detecting leakage beyond a seal.
The design chosen was proficient having sensitivities of 44.27%. “The conclusions of the
research as listed in McCoy’s thesis are as follows:
1.) The size of a drop of oil was variable and was dependent on many factors such as
temperature, orifice size and surface tension characteristics. The size of drop
found in this research as a function of temperature was 0.0276 grams for Shell
Tellus 32 oil and 0.0288 grams for Shell Tellus 68 oil at 25˚C.
2.) Oil was detected between two layers of trade material had a sensitivity of 18% at
a gap of 3.51 mm.
3.) The dielectric constant of several oils was determined including, Shell Tellus 32
with a value of 1.98 and Skydrol Hyjet IV with a value of 9.06.
4.) The final sensor design was capable of detecting leakage past the seal for a static
configuration with an average sensitivity of 44.27% at 100 psi and the sensitivity
was not affected by pressure change.
5.) Shielding of the upper electrode reduced the capacitance signal by 12.76%
(McCoy 2011).
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CHAPTER 3.

MEASUREMENT PARAMETERS AND THEIR BASICS

This chapter will outline the chosen parameters to measure for research and
development of the prototype and its materials. It will also define the values that will be
monitored to predict failure in the prototype.
3.1

Resistance

The first parameter to address in this chapter is resistance, a basic property of
electricity. Eaton’s current LifeSense technology utilizes this basic property of electricity
to monitor and detect hose condition changes and failures within their current LifeSense
hose construction.
3.1.1 Definition of Resistance
Resistance is “the ratio of the potential drop in the direction of the current to the
current” (Tipler 2008). Resistance is defined in units of Ohms or Volts per Ampere.
When measuring resistance a reading of zero Ohms is called a short. A short can occur
when a signal is grounded out instead of traveling along the intended monitoring loop
which has a pre-configured resistance. On the other hand, when resistance is so great that
it reads infinity the circuit is said to be open. An open circuit can occur when a wire is
broken and the signal cannot travel through the monitoring loop. As stated previously,
Eaton’s current design measures resistance and detects failure through shorts that occur
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when the inner braided wire layer punctures the insulation layer to short the signal to the
outer conductive wire layer.
Another property to consider while working with resistance is the resistivity.
Resistivity is the proportionality constant, ρ, and it has units of Ohm-meters. This
constant is used in determining the resistance of a conducting wire as it relates to the
proportion of its length to its area.
3.1.2

Resistance Equations

The following equations are the basic equations for resistance and resistivity. An
equation for the relationship between resistance and capacitance is also shown.
Equation 3-1: Resistance

R=Resistance (Ω)
V =Electric Potential (V)
I=Current (A)

Equation 3-2: Resistivity

R=Resistance (Ω)
ρ=Resistivity (Ω/m)
L=Length (m)
A=Cross Sectional Area (m²)

Equation 3-3: Resistance as a Function of Capacitance

R=Resistance (Ω)
f=Frequency (Hz)
C=Capacitance (f)
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3.2

Capacitance

In this research, capacitance was determined to be the most effective way to
predict failure of a hydraulic hose. This is because the proposed design is based off a
parallel plate capacitor design. This section will explain the basics of capacitance and
show the equations important to the data. LifeSense could use capacitance as it can be a
function of resistance. This is shown in Equation 3-3 above.
3.2.1

Definition of Capacitance

Capacitance is defined as “the ratio of charge Q to the potential difference V
between two conductors” (Paul A. Tipler 2008). Capacitance is measured in units of
Farads and this may also be expressed as Coulomb per volt. In this research, a threshold
was attempted. Crossing of the threshold value would indicate a failure in the prototype
design. Establishing a threshold for the hose resulted from experimental testing and data
analysis.
The two common types of capacitors are a parallel plate capacitor and a
cylindrical capacitor. A cylindrical capacitor more accurately represents the physical
situation, buy for simplicity in designing the prototype, an arrangement of materials was
tested modeled as parallel plates. When working with parallel plate capacitors, there are
three factors that affect measurements taken. These factors are shown in the figure below.
They are the distance between plates labeled ‘d’, the total area of the plates labeled ‘A’,
and the properties of the material between the plates labeled ‘k’. The factors that affect
parallel plate capacitors are similar to those that affect cylindrical capacitors, especially
the factors of ‘d’ and ‘k’.
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Figure 3-1: Factors that affect Capacitance (McCoy 2011)

3.2.2

Capacitance Equations

The two models for capacitors as discussed previously can be expressed in a set of
equations. Equation 3-4 defines capacitance in a parallel plate design. This equation is the
one used in the initial testing and material selection of the prototype design. Both
equations require the assumption that the electrical fields acting on the capacitor are
neglected in making the capacitors ideal. In both equations, a constant is required. This
constant is the permittivity of free space or

, which is expressed in units of Farads per

meter.
Equation 3-4: Plate Capacitance Equation (Paul A. Tipler 2008)

C = Capacitance (ƒ)
K = Dielectric Constant of Material (unit less)
A = Area of Conductive Plates (m²)
d = distance between plates (m)
=
(ƒ/m)
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Equation 3-5: Cylindrical Capacitance

C = Capacitance (ƒ)
K = Dielectric Constant of Material
L = Length of Conductive Layers (m)
= Radius of Inner Conductive Layer (m)
= Radius of Outer Conductive Layer (m)
=
(ƒ/m)

For a circuit of multiple capacitors, calculating the equivalent capacitance
requires two separate equations. Equation 3-6 is derived for capacitors in parallel, and
Equation 3-7 is for capacitors in series. In these equations, the variables
are all constructed with the same dielectric material, where

is the

,

, and

capacitor.

Equation 3-6: Capacitors in Parallel

Equation 3-7: Capacitors in a Series

3.3

Dielectric Constant

The material insulating the two conductive leads is an extremely crucial
component in capacitors. If the material is more conductive, it holds less charge, and
therefore, it has less capacitance. However, if the material is dielectric, it allows less
charge to pass from one conductive side to the other, increasing its capacitance. A
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dielectric is a material that does not conduct electrical charge very well. In the proposed
prototype design, the dielectric properties of the tube and insulation layers will play
important roles in the success of the design. Eaton’s Technical Center in Maumee is
capable of adjusting the chemical compositions of the layers to adjust the design as
necessary. Maintaining the charge on the sensor loop is needed in the design to record
capacitance effectively.
3.4

Conclusion

Both capacitance and resistance are parameters that are simple to monitor. Eaton
currently monitors hose health by recording resistance. However, in the design provided
to them, it is likely that resistance will not be as effective as monitoring capacitance.
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CHAPTER 4.

TEST EQUIPMENT

This chapter will describe the various testing equipment used throughout the
duration of the research.
4.1

Multi-meter

The multi-meter used during testing was manufactured by Fluke. It was a Fluke
83 III a model of the 80 series III. This meter was used for simple measurements, because
its accuracy was not as good as the LCR meter used, and its range in measuring
parameters was much narrower. Although the 83 III is capable of measuring capacitance
as well as resistance, for the purpose of this research, it was only used in checking certain
measurements of resistance. The resistance range of the 83 III can be seen below in the
chart from the User's Manual.
Table 4-1: Fluke Series 80 III Resistance Range

4.2

LCR Meter

Throughout the duration of the research, an LCR meter manufactured by Hewlett
Packard was used for a variety of different but precise measurements. The accuracy of
the LCR is greater than that of a simple Fluke meter. The specific model used was an
Agilent 4263B. This LCR meter is capable of measuring capacitance and resistance over
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a wide range of frequencies from 100 kHz to 100 Hz. The Agilent 4263B utilizes a 0.1%
basic accuracy on measurements taken. It can record a large range of both capacitance
and resistance. The 4263B can make measurements of capacitance in the range of 1 pF to
1 F. It can also make measurements of resistance in the range of 1 mohm to 100 Mohm.

Figure 4-1: Agilent 4263 LCR Meter

A 16451B Dielectric Test Fixture manufactured by Agilent was used in
conjunction with the 4263B. The 16451B is designed for a wide variety of 4 terminal
LCR meters manufactured by HP. The 4263B is on the list of acceptable meters to use for
acquiring data.
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Figure 4-2: Agilent 16451B Dielectric Test Fixture and 4263B LCR Meter

As stated previously, and also by Aaron Deckard in "Life Sensing Hydraulic
Hose," the 4263B by HP uses a four terminal measurement configuration. Paired four
terminal measurement configurations allow for much more accurate measurements by
reducing signal noise, compensation of mutual inductance, and elimination of residual in
the terminal connections. This is shown in the Figure 4-3 and is further explained by the
following excerpt from Chapter 6.1 of Aaron Deckard's thesis "Hydraulic Life Sensing
Hose":
HCUR is the high current source, HPOT is a high potential source, LPOT is a
low potential sink, and LCUR is a low current sink. The outer shield conductors
work as the return path for the measurement signal current. The same current
flows though both the center conductors and outer shield conductors in opposite
directions so that no external magnetic fields are generated around the conductors.
Therefore, these leads do not contribute additional errors due to self or mutual
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inductance. The high potential and current sources are connected to one side of
the component to be measured. The low potential and current sinks are connected
to the other side at a point as near as possible to the device under test (DUT).
(Deckard, 2004)

Figure 4-3: Four - Terminal Pair Measurement (Deckard 2004)
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4.3

Parker Hannifan Training Station

Figure 4-4: Parker Hydraulic Trainer

4.4

Eaton Facility Testing

At the Eaton facility in Maumee, a cabinet is used for safety during impulse
testing. The number 7 cabinet is capable of testing in a temperature range of 75F to
275F and a pressure range of 1000psi to 7000psi. Both temperature and pressure are
monitored by calibrated gages. During LifeSense testing, the sensors on the hose are
hooked into a data acquisition program to monitor resistance. Figure 4-2 shows the
impulse testing chamber used during Aaron Deckard's research with Eaton. Cabinet
number 7 differs only in that it can take run larger hose diameters than shown in this
figure.
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Figure 4-5: Eaton Impulse Testing Chamber (Deckard 2004)
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CHAPTER 5.

PRELIMINARY TESTING AND IDEA DEVELOPMENT

At Purdue multiple tests were done during the initial stages of the project. These
tests were done to better understand the current LifeSense hose design and how the
materials of the different layers act when affected by various condition changes including
the introduction of a planned failure or the introduction of a foreign medium such as tap
water and oil. Tests were also done to determine the material properties of the current
LifeSense rubbers along with some various rubber materials in the Purdue lab. In the
idea development stage of the design, the results from the preliminary testing were
carefully considered in order to produce a set of viable prototype designs.

5.1
5.1.1

Preliminary Testing
Copper Plate Testing

The first tests completed by the research team were tests that showed a signal
traveling across a layer of copper tape between two glass plates was affected by placing
holes in the center of the layer. Four different variations of the test were completed. The
first was a base sample with no holes to set the baseline for comparison. The next test
conducted with a single hole punched into the center of the copper layer, and the third
test was with three holes punched into the copper layer. Finally, the last test was done
with a slot punched in the copper layer. Each sample was measured with the leads placed
in opposite corners of each other. The layout of the copper sheets shown in Figures 5-1
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through 5-3. Thick glass plates were used in this testing and during many subsequent
tests because of the insulative properties of glass and its ability to isolate the sample from
any interference from the testing surface.

Figure 5-1: Copper Plate with Single Hole

Figure 5-2: Copper Plate with Multiple Holes

Figure 5-3: Copper Plate with Slit

The results of the tests are shown in Table 5-1. These tests produced data as
expected. As the area of failure increased the measurement of resistance in Milli-ohms
increased.
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No Hole
4.28
3.62
4.79
4.83
4.67
4.44

Table 5-1: Copper Plate Testing
Copper Plate Testing (All Holes in Center)
mΩ
1 Hole
3 Holes
6.45
11.75
7.07
12.44
6.73
12.66
7.35
12.58
7.22
12.72
Average
6.96
12.43

5.1.2

Slot
11.65
11.39
11.43
11.41
11.37
11.45

Forced Failure Hose Length Testing

The next set of tests were done with various hose samples sent to Purdue from
Eaton. The samples included Eaton’s braided LifeSense hose, hybrid LifeSense hose, and
normal 4 layer Spiral hose. Samples were cut from the LifeSense hoses into sections of
approximately 1.5 inches and 4.5 inches of length. Measurements of resistance were then
taken on each section of hose at two different positions as shown in Figure 5-4 below.
Tests were also done on a hose section with no failure and a hose section with a
simulated failure in the inner most layer.

Figure 5-4: Hose Length Testing Positions

28
The results of this set of tests verified two theories. The first of the two theories
was that while measuring the resistance of the system, the length of the sample impacts
the result of the measurement. The 4.5 inch hose section had an increased value of
resistance from the value measured on the 1.5 inch sample. Secondly, the results did not
vary significantly from position 1 to position 2. This signifies that the measurement
signal was most likely being sent across the isolating rubber material from the inner most
braided wire layer to the next wire layer. For example, the signal was being sent from the
inner (yellow) layer of Figure 5-4 above across the black section representing the rubber
to the outer (red) layer. The conclusion of the simulated failure was not the same as what
was seen in lab impulse testing. The simulated failure was prepared using a drill, which
extracted the wires, rather than push them through to penetrate the isolating layer creating
a short between the two wire layers. This failure was not a duplicate of how the current
designs actually fail. Information provided by Eaton explained that failure of braided and
hybrid models of the LifeSense hose fail by pushing the inner most braided layer through
the isolating material to cause a short.
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Table 5-2: Hose Section Testing Results
Short Braided LS

Long Braided LS

mΩ

Ω

Position
1

Position
2

Position
1

Position
2

146.32

151.5

172.28

172.93

142.59

150.7

173.14

173.67

148.87

150.39

172.67

172.96

146.04

149.99

172.79

173.09

146.12

149.76

172.87

173.24

150.47

172.75

145.99

AVG

AVG

173.18

Long Hybrid LS

Failed Long Braided LS

Ω

Ω

Position
1

Position
2

Position
1

Position
2

173.44

173.22

163.78

164.41

173.49

173.34

163.82

164.37

173.55

173.4

163.85

164.36

173.62

173.46

163.87

164.35

173.71

173.57

163.86

164.35

173.40

163.84

173.56

AVG

5.1.3

AVG

164.37

Dielectric Testing of Heat Treated Samples

With the results of the previous tests, and the knowledge on how current
structures fail, it was decided to approach the problem using some sort of capacitance
bridge as the design for the new hose. The next series of tests focused on the idea of
using a capacitance bridge. In this series of tests, material properties were determined,
specifically the dielectric constant, with samples of the current materials used in the
LifeSense project provided by Eaton. A series of flat plate testing on samples of rubber
from its lab were, along with current LifeSense material using a constant weight, in
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which measurements of both capacitance and resistance were taken to determine the best
method of sensing.
The dielectric constant is calculated using the following equation while using the
dielectric test fixture,

Equation 5-1: Dielectric Equation from Agilent User's Manual

where,
A = area
d = distance/thickness
= dielectric property
= dielectric constant
This equation is also seen in Chapter 3 as Equation 3-4.The values for capacitance were
measured using an Agilent 4263B LCR Meter with a 16451B dielectric test fixture.
Measurements were taken for both the standard insulation, 2021 and the Standard Tube,
640-44. The results of the dielectric test are shown in Table 5-3. The results show that
both the Standard Tube 640-44 and the standard insulation 2021 have similar properties.
The same test was completed on the conductive and bonding rubber materials received
later in the project. Comparing the results of the standard insulation 2021 and standard
tube 640-44, the bonding material has a similar set of dielectric properties as the 2021,
but the conductive material is approximately 2.5 times greater than the 640-44 and 3.3
times larger than the Bonding and 2021 materials. The results of the initial dielectric tests
were used as base values to compare the values of samples of each of these materials,
after they had been baked at 135 degrees Celsius and 150 degrees Celsius. The results in

31
Table 5-2 show that each of the materials except for the conductive rubber, shows an
increase in the dielectric number, which means they more easily pass an electric signal
across the material. The conductive rubber loses its properties when heated.
Table 5-3: Dielectric Properties of Rubber Samples Original and Baked

5.1.4

Dielectric Test on Fluids

A device was also developed to test the dielectric properties of fluids. The device
was a simple PVC tee with electrodes positioned in each end to measure capacitance
across a column of fluid. The top of the tee was used for the draining and fill port. The
dimensions of the tee were measured as close as possible to actual, however, precise
measurements for the calculations were not necessary, because the data was used only to
estimate general trends in fluids and how their estimations of dielectric constant might
affect a failed sample during glass flat plate testing. The results of the fluid dielectric
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showed that unlike previously, thought the properties of oil are very low compared to the
tap water or metal. Because hydraulic oil has such a low dielectric property, it was
expected that the introduction of oil into the failure will act as an insulative material and
decrease the capacitance, Equation 3-4 shows this tendency. The results of the flat plate
testing, in the following section, verify the results of this theory. For more detailed
information on fluids and their dielectric properties, the work done by Michael McCoy in
"O-ring Leakage Sensor Using Capacitance Technology," should be reviewed.

Figure 5-5: Testing Chamber for Fluid Dielectric Properties

5.1.5

Flat Plate Testing

The flat plate tests are completed by measuring values of capacitance and
resistance across an arranged layer of materials. This series of tests involved the
manipulation of the arrangement of the material layers in different patterns according to
their properties to alter the path in which the sensing signal traveled. The multiple layers
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are placed between two glass plates, and constant weight is placed on the top plate in
each trial. The first test was done using the materials from Eaton. The Purdue team has
chosen the combination of Standard Insulation 2021 as the bottom layer, standard tube
640-44 as the mid layer, and a copper wire mesh on top as the basis for its prototype idea.
The results of that test are seen in Figure 5-7 below.

Figure 5-6: Flat Plate Test Layout

Figure 5-7: Flat Plate Testing Results using 2021 and 640-44

In analyzing these results, the biggest difference in readings occurred when the
base sample, which was measured with no layer containing any damage, was compared
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to the sample with slit and water as the medium. The Purdue team concluded the results
are affected by the properties of the materials and the fluid used in the testing. The water
used in testing was just tap water, which most likely had electrical charge carrying
particles accumulated through piping. If de-ionized water had been used in the test,
results similar to air as the medium would have been seen. The test results were analyzed
under the assumption that the signal would travel the path of least resistance. This path
was affected by not only the length of the sample, but also by the thickness of each
material that the signal must travel across. Therefore, there are multiple variables that can
affect the results of the test, some of which include inconsistencies throughout the entire
construction of the sample. A discrepancy in readings was noted, if the slits or holes are
not exactly in the center of the two signal contact points. It is also possible that the signal
jumps from one point to another near the failure, instead of traveling through the material.
With water, the increase from a slit in the samples to a hole in the sample can potentially
be explained by the fact that the water allowed for no air gaps where the signal could
jump. As shown in Figures 5-11 through 5-13, the sample with a hole produced a greater
distance for the signal to travel.
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Figure 5-8: Flat Plate Testing Sketch

Figure 5-9: Flat Plate Testing Setup
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Figure 5-10: Flat Plate Testing Layout (Left to Right is Bottom to top)

Figure 5-11: Single Path in sample with Slit and Air (Sketch)

Figure 5-12: Single Path in Sample with Hole and Air (Sketch)

Figure 5-13: Signal Path in Base Sample (Sketch)
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Figure 5-14: Signal Path in Sample with Slit and Water (Sketch)

Figure 5-15: Signal Path in Sample with Hole and Water (Sketch)

For the samples with air as medium, the results can be explained by a comparison
between Figures 5-11 and 5-12. The comparison shows that d1a, the distance the signal
might travel across the rubber layer before it can cross through the slit to the wire mesh
layer, was larger than d2a, because the opening of the hole was closer to the contact of
the beginning signal. Since the wire layer had an extremely low resistance, this shows
why the resistance dropped from the sample with slit to the sample with hole. In Figure
5-13, a possible reason for the largest resistance of all five layouts is shown. The signal
can potentially travel more than 50% of the length of the sample before crossing
vertically through the layers to reach the contact point, making d3a the longest distance in
all five of the figures. In Figures 5-14 and 5-15, the resultant resistance measurements
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show that there was an increase in resistance from the slit with tap water to the hole with
tap water. In the case of both samples with water, the results might be affected more by
the dimensions of the slit and hole, d4b and d5b, than by the length of material to the
failure point, d4a and d5a. In that case, it was evident that the results would increase from
the layout in Figure 5-14 to the layout in Figure 5-15, because the distance across the
hole, d5b, is larger than the distance across the slit, d4b.
The previous results offered a promising concept for a prototype. The research
team began further testing of the concept by using a fluorocarbon and dielectric rubber
configuration from resources available in the lab. The configuration is shown in Figure 516 below, with the dielectric layer (white layer) placed between the fluorocarbon (black
layer) and the copper mesh.

Figure 5-16: Flat Plat Test using FKM material and Dielectric Rubber
This test produced results confirming the concept of a capacitance bridge. As seen below
in Figures 5-17 and 5-18, when using two materials with a large difference in dielectric
constant, a more noticeable trend was seen in the results.
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Resistance
Resistance (kΩ)

1.5 kΩ
1 kΩ
0.5 kΩ
0 kΩ
Trial 1

Trial 2

Trial 3

Trial 4

Trial 5

Figure 5-17: FKM and Dielectric Rubber Flat Plate Testing Results

Capacitance (pF)

Capacitance
600 pF
Base sample

400 pF

With slit

200 pF

With slit and water

0 pF
Trial 1

Trial 2

Trial 3

Trial 4

Trial 5

Trial

With hole
With hole and water

Figure 5-18: FKM and Dielectric Rubber Flat Plate Testing Results
5.2

ML Series Rubber Sample Testing

As a result of the proposed prototype idea, a chemist at Eaton developed a new set
of samples that could potentially be used as layers in the construction of the prototype. A
set of these samples were sent to Purdue, where the samples dielectric properties were
tested. The results of the test, shown in Table 5-3, show that if Eaton chooses to maintain
the 2021 layer as the isolating layer, the -6, -8, -10, and -11 variants of the ML3749B
series could all possibly reach a dielectric constant 20-25 times higher than the 2021.
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Table 5-4: Dielectric Constants for ML Samples
Dielectric Constants
ML3749

ML3749B-1

ML3749B-2

ML3749B-3

2.5332

40.090

78.776

96.488

ML3749B-4

ML3749B-5

ML3749B-6

ML3749B-8

209.50

454.52

888.05

616.10

ML3749-9
501.40

ML3749B-10 ML3749B-11
667.84

731.18

Figure 5-19: ML Series Rubber Testing

41
5.3

Prototype Development

Upon analyzing the results from the previous two tests, researchers at Purdue
developed a series of prototypes based on capacitance bridges. While the research team
continued measuring resistance for detection, they also tested the possibility that error
detection could be done using capacitance as the value monitored. Previous designs for
the LifeSense programs are based on a simple method of detection in which a shorted
circuit shows a failure. With these commercial designs, it seems likely that a more precise
measuring system will be required. Possible fracture occurs when a change occurs
crossing a threshold level. These values will have to be determined by testing a hose
while recording data more frequently, i.e. measuring at 0.1-10 Hz after an initial change
is noticed. To decrease the amount of space required a process of discarding data from
the previous 60 seconds can be used until a spike in the data is seen at which point the
data will be archived for analysis. The data can then be analyzed to determine what the
base line for a properly functioning hose was compared to the values near which failure
occurs.
5.3.1

Prototype Concept 1

The Purdue team proposed a new design of multi-layer construction and
demonstrated that manipulating the properties and dimensions of the layers in the designs
was crucial to providing the needed sensitivity. The first of two multi-Layer designs was
the simplest construction. It utilized a simple bonded two layer design. Figure 5-19 shows
the layout of the design. In this design the target dielectric constant of Layer 1 was 20 to
25 times higher than Layer 2. That large of a difference in dielectric constant allows the
design to act as a capacitance bridge, which is measured from Layer 3 to Layer 1. Layer 1
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is bonded to Layer 2 in this design. The current LifeSense fitting works for this design,
but, the cutter clips within the LifeSense fitting are not used as the inner connection is
made to Layer 1, not through the inner layer. The outer connection is made through Layer
7 to Layer 6, which is sufficient as long as the signal travels with little resistance across
all wire reinforcement layers to Layer 3. The very conductive material of Layer 1 is likely
to cause very sensitive readings in capacitance. When the layer fails, and oil is introduced
into the failure, it is expected that capacitance readings will decrease due to the fact that
oil has an extremely low dielectric constant relative to the target dielectric for Layer 2.
Sensitivities are determined by actual testing.

Figure 5-20: Multi-layer Design 1
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5.3.2

Prototype Concept 2

Multi-Layer Design 2 is similar to the design of Multi-layer design 1, but, this
design utilizes a set of three rubber layers as seen in Figure 5-20 below. In this design,
the signal is monitored from Layer 1 to Layer 3. Like the previous design, the signal can
be transmitted from the outer most layer of wire to all the way to Layer 3. Layer 2 in this
design acts as the isolating layer between Layers 1 and 3. It is necessary for Layers 1 and
3 to be more conductive than Layer 2 which allows Layers 1, 2, and 3 to act as a
capacitor. The target Dielectric constant for Layers 1 and 3 must be at least 6-10 times
greater than Layer 2 if Layer 2 maintains similar properties to the currently used 2021
insulation material. Another possible approach to this design is to choose a material for
Layer 2 to react with oil. When oil penetrates through Layer 1 during the initial stages of
a failure, it will react with Layer 2 and cause conductive properties of the layer to change
(i.e. dissipation) and therefore, a change in capacitance can be detected. In this design
Layer 3, should still withstand the operating pressure long enough to deploy a failure
signal and allow the system to be shut down for maintenance. Prior smart seal work by
Dr. Gallien at Purdue in 2008 proved that the distance between conductive layers
separated by a dielectric layer, d in Equation 3-4, can be accurately measured. The results
of Dr. Gallien’s research are shown in Appendix A. This implies a movement in Layer 2
can be detected. Layer 2 should have a compressive modulus chosen after initial failure
testing is done, and this process is described later in this document.
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Figure 5-21: Multi-layer Design 2

5.4

How Target Dielectric Coefficients are Determined

The target dielectric differences stem from a series of test completed on a set
rubber samples sent to the Purdue team from Eaton. The materials included the original
640-44 tube and 2021 standard insulation, as well as two new samples of rubber: a
bonding rubber which bonded well with multiple other rubbers, and a conductive rubber
which was mixed to have higher conductive properties than previous samples.
The first series of tests completed was a series of flat plate glass testing like
previously done for this research. A set of four tests were completed for each possible
combination of two layers that was possible. The series of figures below show the
combinations tested. In this test, the medium was referred to as the fluid introduced into
the system. Air, tap water, and oil were used to compare in the series of tests. The outer
layer as described in Figure 5-21 is the isolation layer of the system. Only the standard
tube 640-44 and insulation 2021 were used in this position for the test. The inner layer
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was tested alternating the three materials not used as the outer layer. Each test began by
placing the medium in position one, as it would be seen in a hose.

Figure 5-22: Legend of Layers

With the no failure in the system, as shown in Figure 5-22, the medium used for
testing was still only present in position 1. As failures were introduced into the test
samples, the position in which the medium can be seen changes. Figure 5-23 shows the
outer layer or isolating layer developing a failure, while the inner layer or tube maintains
its integrity. In this type of failure, the medium is still only seen in position ,1 as it was
not capable penetrating through the undamaged layer. In Figure 5-24, the failure shown is
the possibility that the inner layer has developed a crack or damage, but the isolating
layer is undamaged. In this case the medium penetrates and is seen in both positions 1
and 2. Finally, Figure 5-25 shows both rubber layers with a failure. This failure allows for
the medium to travel all the way through to the wire reinforcement layers.
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Figure 5-23: Base Sample No Failures

Figure 5-21: Failure in Isolating Layer
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Figure 5-22: Failure in Inner Layer

Figure 5-23: Failure in Both Layers

The results of this series of testing showed similar results to the initial flat plate
testing done with the 640-44 and 2021. Shown in Figure 5-24 and in Figure 5-25 are the
results for the tests using tap water and air as the testing medium. Figure 5-23 below
shows that when the dielectric properties of materials are similar, there is little change in
capacitance reading when failure is introduced. However, with the conductive rubber as
the inner layer, the trend of the chart as failure is introduced shows the possibility of the
multi-layer design being a viable option. The change of the materials’ conductive
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properties should show a trend that increases to a level which can be effectively
monitored to detect failure when it occurs. Based on these results the recommendations
for target dielectric constants and possible thicknesses were made for the multi-layer
designs. It is important to note that these tests are bench tests using a dead weight in an
open environment, and that the samples are not under the amounts of pressure as seen in
impulse testing.

Figure 5-24: Results of New Material Flat Plate Testing
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Figure 5-25: Flat Plate Testing Air as Medium

50

Figure 5-26: Flat Plate Testing Water as Medium
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CHAPTER 6.

6.1

ALTERNATIVE DESIGNS

Alternative Design 1

Three other Alternative Designs were also developed by the Purdue team. All
three designs utilize a multi-layer construction inside of the spiral wire reinforcement.
The first of the three ideas seen in Figure 6-1 is based on the technology used in radial
tire integrity sensing. The inner most layer has Kevlar chords imbedded in the layer that
span the length of the hose. The Kevlar chords would be woven with a conductive
material that will allow for the transmission of a monitoring signal.

Figure 6-1: Alternate Design 1
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6.2

Alternative Design 2

In idea two, shown below as Figure 6-2, Layer 2 is replaced using the multi-layer
prototype design two with a flexible carbon fiber layer. The carbon fiber layer will act as
an isolating layer for the capacitance bridge by adjusting either the conductive properties
of the carbon fiber layer to fit the ideal dielectric number for Layer 2 or the properties of
Layers 1 and 3 to better suit the natural low conductive properties of carbon. A carbon
fiber weave of the correct construction should capable of withstanding the pressures of
the system and extending the longevity of the hose.

Figure 6-2: Alternate Design 2

6.3

Alternative Design 3

The third Alternative design, shown in Figure 6-3, would be constructed with a
conductive plastic layer as Layer 3. Layer 2 will again be the isolating dielectric layer and
Layer 1 will be a conductive tube material similar to the material used in both of the
Multi-Layer designs. Failure detection should occur in a similar fashion to Multi-layer
Design 1. Another possible means of failure is to create channels in the plastic layer as
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seen in Figure 6-4. These channels would allow for the oil to travel the length of the hose
to a switch or other apparatus that trips a failure signal.

Figure 6-3: Alternate Design 3

Figure 6-4: Designed Channel for Failure Signaling

6.4

Alternative Design 4

The final alternative design was based on the original prototype design. The
construction of this hose assembly is no different than constructing a normal spiral
LifeSense hose. As defined by Figure 6-5 below, Layer 1 of this design would be a highly
conductive or low resistance rubber that easily allows the transmission of an electronic
monitoring signal. The difference in this design is Layer 2. Layer 2 for this design is
compiled of a dielectric plastic material. The rest of the hose construction is that of a
normal four spiral hose. In theory, this design would allow the entire hose to act as one
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large capacitor. However, the key to its success could be greatly affected by its
construction. Because normal construction requires Layer 2 to be wrapped onto Layer 1,
it cannot be extruded. The wrapping of the dielectric plastic must be precise and even. As
seen in Equation 5-4, the capacitance is inversely affected by the thickness of the
dielectric material. If a spot in the hose acquires an area of double wrapped plastic, it can
reduce the capacitance of that spot to half of the other sections of the hose. It might also
be necessary to explore other methods of monitoring the capacitance along the hose.

Figure 6-5: Alternate Design 4
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CHAPTER 7.

ALTERNATIVE SINGLE END MONITORING IDEA

An alternate idea for testing the circuit of the hose was developed. In this concept,
the goal was to set-up a monitoring system sending and measuring a signal from only one
end of a hose. To accomplish this setup, one end of a hose was a normal fitting, but the
opposite end was the unique LifeSense fitting. Normally, the LifeSense fitting utilizes a
cutter clip on the inner layer to make connection to the braided wire layer, but, with this
monitoring concept, the inner layer of the hose must remain isolated. Thus the cutter clip
would not be used in the construction of the hose. The signal travel through the hose,
shown in Figures 7-1 and 7-3 below, would begin at one portion of the isolated LifeSense
fitting, travel through the spiral reinforcement to the opposite end of the hose, where a
regular fitting has been used. The regular fitting at the opposite end of the hose would
allow the signal to pass from the spiral reinforcement to the inner tube layer, where the
signal would then return to the isolated portion of the life sense fitting.

Figure 7-1: Alternative Monitoring Loop Test Setup
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Figure 7-2: LCR Hooked up to Loop

Figure 7-3: Signal Monitoring Attachment

Figure 7-4: Created Failure within the Sample
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Hoses were constructed at Eaton and shipped to the Purdue research team where a
series of tests were carried out to determine the possibility of this alternative monitoring
idea. The hoses were prepared by adding leads to separate portions of the LifeSense
fitting and capping that end of the hose off. The hoses were then attached to one of
Purdue’s hydraulic training units where the values of resistance and capacitance were
recorded over a varying set of pressures. The hose was tested at a base of 0 psi, 500psi,
and again at 1000psi, to analyze the change in data at various operating pressures. Once
the initial test was completed, a failure was created in the hose as seen in Figure 7-4. A
drill bit was used to groove out a portion of the inner tube layer to represent the thinning
of inner layer. Once the failure was created, the tests were rerun using the same operating
pressure conditions. The results of the test are shown in Figure 7-5 and Figure 7-6 below.

Figure 7-5: Results of Alternative Sampling Loop
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Figure 7-6: Alternative Sampling Loop Results in Resistance

There were many variables to consider in the interpretation of the results for the
alternative monitoring idea. A major variable was the properties of the rubber. The initial
readings of resistance showed two possible issues with sample. The first of those was that
the material used as the inner tube had a relatively high dielectric constant, which did not
allow the signal to travel the loop with minimal resistance. It was also possible that the
signal did not travel the length of the hose along the inner layer as intended, but jumped
through the rubber layers immediately back to the return node. The second possibility
was that during the crimping of the hose fittings, the isolation of the spiral wire
reinforcement from the inner portion of the fitting, on the LifeSense fitting end of the
hose, was not maintained. These possible outcomes are shown by the magnitude of the
measurement values taken. The measured values of resistance were in the range of
milliohms, indicating very low resistance across the signal travel loop.
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In order to test the dielectric properties of the hose, the inner tube had to first be
extracted. A section was cut from the first sample of hose to use in testing. The inner tube
pried away from the spiral reinforcement layers and pulled out of the tube through a slit
cut lengthwise down the hose. The meshing was then removed, and the sample pressed
overnight in order to flatten the sample. Finally, the dielectric properties of the rubber
inner layer were measured using the Agilent 4263B LCR meter and 16451B dielectric
test fixture. A dielectric constant (Er) of approximately 22.51 was calculated. This value
is similar to that of the 2021 insulation and was not as high as initially suspected. This
indicated that the issue in this system was not due to the properties of the inner tube and
was more likely due to the construction procedure causing a short somewhere along the
hose. The results in Figure 7-5 above show a very slight increase in capacitance between
the original sample and the hose with failure at the 0 psi and 500 psi levels. However, at
the 1000 psi, level the measurements all converge to values with very small differences.
The slight increases may have been caused by oil entering the failure cavity and
increasing the dielectric properties of the failure. It was unclear why the values at 1000
psi had little difference. These results show that it is unlikely that this method of signal
monitoring be useful under the design specifications of a non-LifeSense hose, because as
the pressure of the testing system increases, the values of the parameter measured
converge, requiring extremely precise equipment to detect the difference between a failed
hose and one in proper working condition. The Purdue team recommends the exploration
of future testing and research into this type of monitoring loop. One major adjustment to
this monitoring idea could greatly affect the outcome. Altering the design of the test
sample and utilizing the multi-layer design with a rubber material for the inner tube that
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has a low dielectric constant would force the signal to travel further through the
monitoring loop. A material with a lower or higher dielectric constant would also allow
for a larger change in the measured parameter when failure was introduced into the
system.
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CHAPTER 8.

PROTOTYPE TESTING AND RESULTS

This chapter will explain the testing and the results of the data collected on the
prototype tests.
8.1

Testing

All prototype production was done by Eaton at their facilities, because Purdue
does not have the machinery capable of producing the prototypes. The testing for the
initial prototypes was also done at the Eaton facilities utilizing Eaton's pressure chambers,
because Purdue facilities are not outfitted with the necessary safety equipment to attempt
any high pressure testing. Therefore, the data recorded during the testing was also done
using Eaton's equipment. At the time of prototype testing, Eaton's equipment was only set
up to record readings of resistance, not capacitance. The technicians and engineers at
Eaton worked together to set the prototypes up for testing. The data for those tests was
recorded in an Excel file. Eaton personnel did further work on the data and presented it to
Purdue in a graphical format.
8.2
8.2.1

Results

Prototype Series 1

Two separate testing series were completed at Eaton. The first set of data was sent
to Purdue in June of 2014. The following three graphs are from the first series of tests.
The three graphs represent the two samples that were most successful during the first
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series of testing. However, it is important to note that while monitoring the progress of
the test, the program collecting data locked-up at 700 cycles. Additionally, both hoses
failed when the fitting was blown from the hose. This failure was caused by a lack of
retention between the fitting and the hose. Sample 3 did not make it to the end of its life
before reaching this lock-up point. Even with the data collection program locking-up,
there was still an important instance to note in the data. During the middle of the
collection span, the data peaked at approximately 131 ohms, when the resistance then
began to decrease on a steady slope, until the program locked up. This may or may not
have been a significant phenomena during this sample.
In the series of data for sample 4, the entire life of the hose is shown. The
resistance of this assembly starts out near 280 ohms where it runs for a short period of
time before making a drastic leap in resistance to approximately 270 kilo-ohms. At the
point of 270 kilo-ohms, the resistance climbs at a slow rate to approximately 600 kiloohms, just before failure. As failure occurs, an enormous increase in resistance is seen
when the values jump to over 600 Mega-ohms, indicating an open circuit or failure of the
hose losing connection with the fitting. Oil or air can cause the measurement parameter to
vary and will be explained later.
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Figure 8-1: Prototype Testing Series 1 - Sample 3
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Figure 8-2: Prototype Testing Series 1 - Sample 3 End
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Figure 8-3: Prototype Testing Series 1 - Sample 4
8.2.2

Prototype Series 2

The second round of prototype testing produced more reliable results than the first
round of testing. These tests, again completed at the Eaton facility were monitored by
their program, and only resistance was measured. The series of three graphs sent to
Purdue by Eaton show the life of three different samples until each failed. In the scatter
plot for sample one, it is seen that there is significant noise and variance while monitoring
resistance. However, even through the widely ranged data, the end of the hose that failed
showed a drop in resistance approximately six hours before actual failure. Initially, the
collected data for the hose before failure showed an average resistance of close to 300
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ohms. At the point the resistance dropped, the data hit a minimum value of about 50
ohms, and through that time until failure, it never rose above approximately 125 ohms.
Sample one showed a possible success in the measurement of resistance for the LifeSense
prototype.

Figure 8-4: Prototype Testing Series 2 - Sample
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In sample two, the resistance of both ends of the hose showed a fairly steady level
of approximately 10 ohms until 6 hours into the test. At six hours, the resistance of the
failed end decreased to nearly 5 ohms and remained mostly constant until failure. The
opposite end of the hose also decreased to around 5 ohms, until about six hours before the
last data points were acquired. In that range of time, the data spiked to above 60 ohms
and fluctuated between the 60+ ohms and 5 ohms. This could have been an indication to
failure, but more likely it was just noise in the sample. The actual failed end of the hose
showed no significant warning to the failure of the sample, even though the type of
failure that occurred was why the design was developed.

Figure 8-5: Prototype Testing Series 2 - Sample

Sample three follows much of the same pattern as sample two. Resistance on both
ends of the hose remains mostly constant at close to 25 ohms until 25 hours into the
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graph, except for one anomaly that starts at four hours into the graph. At four hours, the
data peaks to approximately 75 ohms, and then it declines steadily over a two hour period
back to 25 ohms, before peaking again at 75 ohms and then over a period of one hour
falling back to near 25 ohms. It was shown again in sample three that the failed end of the
hose maintains a constant resistance until the data acquisition was stopped, giving no
warning to an approaching failure. However, an increase in resistance was seen on the
healthy end of the hose at 25 hours. At that point in time, the resistance data became very
noisy, but held to an approximate average at 150 ohms. This is another possible case
likely caused by noise in the system, but as it was a second occurrence, it should be
watched for in future tests.
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Figure 8-6: Prototype Testing Series 2 - Sample 3
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8.3

How Failure Criteria Might Effect a Capacitance Reading.

Figure 8-7 shows the prototype layout that was used in testing. Layer 1 and 2
were cured together so that in the fitting cross section seen in Figure 8-8 they appear as
one layer. This section addresses the theoretical changes in capacitance under different
failure criteria. These were calculated as a percent change from assumed normal
conditions using Equation 3-4 displayed again below.
Equation 8-1: Plate Capacitance Equation (Tipler 2008)

C = Capacitance (ƒ)
K = Dielectric Constant of Material (unit less)
A = Area of Conductive Plates (m²)
d = distance between plates (m)
=
(ƒ/m)
Along with this equation, some assumptions were made which included the dielectric
constant of air is 1, the dielectric of Shell Tellus 32 is 1.98≈2 based on the results from
McCoy's research, and the initial K of Layer 2 is 1000. As Equation 3-4 is observed two
variables affected the change in capacitance those were d, the distance between
conducting plates, and K, the dielectric constant of d. Area was assumed to have no
change.
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Figure 8-7: Multi-layer Design 1

Figure 8-8: Prototype Fitting Cross Section
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8.3.1

Changes in K

Changes in K can be made by the degradation of the material properties over time,
or subjecting the hose to harsh operating conditions. It was shown in Table 5-3 that
rubber with a higher K tended to lose that property with prolonged exposure to heat.
Assuming that Layer 2, of Figure 8-7, and all other layers of the sample maintain
dimensions, but the initial K of Layer 2 (1000) changes by -40% a ΔC of -40% will also
occur. Therefore as K decreases, capacitance also decreases in a linear relationship
Another possibility explored was that as Layer 1 fails, and oil is able to penetrate
between Layer 1 and Layer 2. The d of Layer 2 is maintained by the spiral reinforcement,
but it is comprised of an oil and material, because the pressure of the system causes the
rubber to flow axially along the hose. When 30% of d becomes oil, the new K is 30% of
oil with a K of 2 and 70% of 1000 or 706. This is approximately 30% less than the
original K, and therefore, a ΔC of approximately -30% would be seen.
8.3.2

Changes in d

Similar to changes in K, changes in d also have a direct relationship changes in
capacitance. However, d affects capacitance inversely. As the inner rubbers begin to
weaken, the pressure from the fluid thins spots of the layers. If stress on the liner causes a
20% decrease in the thickness of Layer 2 in Figure 8-7, an increase in capacitance will
occur that is approximately 20%.
8.3.3

Changes in K and d

It is also likely that changes in both K and d occur simultaneously. Causes include
the separation of Layer 1 from Layer 2 and a pocket of oil or air developing between
those layers. If d is increased by 30%, the new d becomes 1.3, and a new ratio is
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developed for the change in K. The new value of K is figured as 77% of 1000 plus 23%
of 2 which equals 770. This translates to a 22.6% decrease from the original K of 1000.
Because d has also increased, he linear relationship for capacitance no longer applies, and
therefore, a new value of capacitance is calculated as 770/1.3 or 592. The final result is a
59.2% drop in capacitance from the original 1000 ohms.
In reality most failures will occur with changes to both the value of K and the
value of d in Equation 3-4. However, as seen above, the value may increase or decrease
depending on what changes take place. Because the value can increase or decrease, the
best way to set a failure limit is to determine percentage increase or decrease threshold.
This will allow for a prediction method that includes all possible failure modes.
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CHAPTER 9.

CONCLUSIONS

It was the aim of this research to develop and test a prototype for a LifeSense hose
capable of predicting failure in hydraulic systems of high pressure applications. Two
series of prototypes were constructed at Eaton facilities according to the recommended
design given by Purdue. The prototypes were then tested on two separate, dates and the
final graphs of the data were sent to Purdue for analysis. Based on the information given
in the graphs the following conclusion were drawn:
1.) The first series of tests were very inconclusive and should not be considered very
reliable in the advancement of the project. Sample 4 ran most of its life at average
of 270 kohms, which is over 900% higher than the normal value for the next
highest sample, which was sample 1 of prototype series 2, and over 2000% higher
than the mean data value of other four samples. Sample 3 of the first series must
also be dismissed, because the monitoring system froze before failure, and both
samples in the first series failed by fittings blown off of the hose.
2.) The second series of tests produced more reliable result., However, only sample
one of the three samples showed what could be a reliable prediction of failure on
the failed end of the hose. Sample 1 of series 2 showed a 75% decrease from a
mean of 300 ohms to 75 ohms 6 hours before failure. During the 6 hour period
before failure, the resistance did not reach within 60% of the original mean.
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3.) On the other two samples, anomalies were detected in the data of the healthy end
of the hose. These anomalies coincide with the failure of the opposite end.
However, there is no significant evidence that these anomalies are anything more
than noise. The fluctuation of resistance in the healthy end of sample 2 also began
6 hours before failure. The mean of the increase is approximately 150% higher
than the 10 ohm average, but it fluctuates between a minimum of 10 and a
maximum of 60 ohms. On sample 3, the fluctuation begins 15 hours before failure
and increases 500% from a mean of 25 ohms to 125ohms. The increase fluctuates
between 90 and 210 ohms.
4.) Different baseline values in ohms are observed in all the samples. The different
values might have been caused by manufacturing techniques or variations in
material properties. The range of base lines was 10 ohms to 270 kohms.
5.) The design of these prototypes were configured for a capacitance monitoring
system, but because Eaton's facilities are set up for resistance, only resistance was
monitored. It will be necessary to monitor capacitance to correctly evaluate these
designs.
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CHAPTER 10.

RECOMMENDATIONS

The results of the research were inconclusive, and an effective evaluation of the
first prototype design was not yet made. There was not significant evidence in any of the
prototype tests to prove that the design, while monitoring resistance, can predict the
failure of a hose assembly. However, there are a few cases that indicate a possible
prediction, but further testing would be necessary. There are other issues to address as
well that should aid in the success of the project.
First and foremost, the design was developed with the greatest possible success
for predicting failure while measuring capacitance. It is highly recommended that the
next test for the prototype be configured to monitor both resistance and capacitance. It is
also important to keep remember the dimensions (i.e. the thickness of the rubber layers)
are also important in a viable design. These parameters of the design may need altered
slightly to produce a successful result. Not only is the thickness important, but so are the
material properties of the layers. Further pursuit developing a super conductive layer with
properties similar to an FKM that will not degrade with time is needed.
To better understand the results of future tests, the Purdue team also suggestions
examining hoses in mid-life stages. For example, if the results of sample one of prototype
test series two can be repeated where a drop in resistance was noticed 6 hours before
failure, then the hose should be dissected to examine any changes in construction or

77
material properties. This could provide insight to the beginning of the transformation of
the sample from a healthy specimen to a failed specimen. It might also produce valuable
information on how to adjust the material properties and/or dimensions to increase failure
predictability.
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APPENDIX: WORK BY DOCTOR TIMU GALLIEN

The following excerpts are scanned pages from the thesis "Design and Evaluation
of an Embedded Sensor in a Polymer Sealing Structure" by Dr. Timu Gallien. Provided
are pages 75-80 which include the Results, Conclusions, and Recommendations sections
of the thesis. Timu's research and results support the theory of capacitance bridge
technology. The results and conclusions of Timu's work were researched and referenced
often throughout the duration of the project.
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